Introduction
A major goal of marine conservation is to protect higher trophic-level species as their removal can have dramatic consequences on entire food webs [1] . In the USA, many species of marine mammals were historically targeted by commercial or recreational fisheries [2] but with the implementation of the Marine Mammal Protection Act (MMPA) in 1972 they are now protected. California sea lions (Zalophus californianus) were historically heavily exploited for their oils, hides and meat from the late 1800s and were later killed by fishery interactions [3] , and population sizes were low in the early 1970s. Subsequent to the implementation of the MMPA, their population increased rapidly, sustaining greater than 5% annual increase in pup numbers over the past 36 years (1975-2011) at their breeding colonies on the Channel Islands off the coast of southern California [4] . Sea lions eat a wide range of fish and squid, and their diet shows strong interannual variability, but the most common items in their diet are market squid (Doryteuthis opalescens), northern anchovy (Engraulis mordax), Pacific sardine (Sardinops sagax), shortbelly rockfish (Sebastes jordani), juvenile Pacific hake (Merluccius productus), Pacific mackerel (Scomber japonicus) and jack mackerel (Trachurus symmetricus) [5] [6] [7] [8] [9] , potentially placing them in competition with fisheries. The species of fish consumed and the proportions of fish and squid in the diet differ regionally, with season and with environmental conditions [5] [6] [7] [8] [9] . Sea lions are opportunistic feeders that switch and increase the diversity of their diet under conditions of scarcity [9] . During El Niño conditions, their diet changes to less nutritious and less preferred species, including juvenile rockfish and hake, instead of sardine and anchovy [9] . Market squid are thought to be a less preferred species but comprise a significant fraction of the diet [7, 9, 10] . Melin et al. [9] demonstrated lower pup weights when scats from females primarily contain rockfish and squid.
Sea lions experience repeated years when the dependent pups are thinner than normal and show greater mortality than is usual. These mortality events have been documented in 1983, 1992-1993, 1997-1998, 2009 and 2013 (see http://www.nmfs.noaa.gov/pr/health/mmume/, last accessed 19 February 2015) . The environment is believed to exert important effects, but the mechanisms are not well understood and may vary between events. Early work indicated that sea lion births and pup weights at the rookeries in the Channel Islands and within the Southern California Bight declined, and pup mortality increased, in the 1982-1983 El Niño, and took up to 6 years to recover their former level [11] [12] [13] . The effect of the 1982-1983 El Niño on sea lion births was greater at the southernmost rookeries in the Southern California Bight (Santa Barbara, San Nicolas and San Clemente Islands) compared with the northernmost rookery (San Miguel Island) (figure 1), and was associated with distinct changes in maternal sea lion diet and foraging success [11] . Recovery was slower after the 1983 El Niño than in other years, because adult females as well as pups suffered mortality [11, 12] . The fact that all of the rookeries experienced higher mortality suggests environmental causative factors operating at larger than local scales. In this paper, we show that food limitation of nursing female sea lions and the consequent malnourishment of their pups is not limited to strong El Niños, but is a result of an increasing population experiencing a period of changing forage composition near the California Channel Island breeding colonies.
Material and methods

Study design
Relative abundances of forage fishes were obtained from the Southwest Fisheries Science Center's Rockfish Recruitment and Ecosystem Assessment Survey (RREAS; figure 1) as log e -transformed mean standardized trawl catch rates (detailed survey methods in [15] ). RREAS targets young-of-the-year rockfish and Pacific hake with a modified Cobb midwater trawl, with a target headrope depth of 30 m, but also quantifies the abundance of northern anchovy, Pacific sardine and other forage species [15, 16] .
There is little information available on the foraging ranges of breeding female sea lions or on the forage assemblages directly adjacent to the California Channel Islands breeding colonies (figure 1). Foraging ranges for breeding female sea lions were digitized from maps based on six tagged females from San Miguel Island in summer 1995 [14] (figure 1). To define forage trends, we selected RREAS sampling stations within the San Miguel foraging range (see blue line in figure 1 ) between 2004 and 2014. Data collected by RREAS prior to 2004 were from the core survey area north of Monterey Bay [15] , beyond the foraging range of breeding female sea lions.
Although it is intuitive that prey items with higher fat and caloric values will be more important than those with lower fat and caloric values, precise data on which measure of food quality may be most important are unavailable. Moreover, fat and caloric content of forage vary seasonally and with body condition (e.g. depending on the presence or absence of reproductive products, or on gut fullness of prey). However, relative forage species composition, particularly with respect to higher versus lower caloric value prey, will still be an important determinant of food quality. Because we lack seasonal measures of fat and caloric content of prey near the sea lion rookery, we used species composition as a proxy for food quality when modelling pup weight. Species composition was estimated as standardized catch rates. We interpreted the results using data on the average fat and calorie content of fish and squid flesh.
Statistical analysis
We used linear multiple regression to determine how well prey abundance and pup sex explained pup weight between 2004 and 2014. From prior knowledge, we knew that male and female pup weights should have different intercepts. We did not consider models with only a single forage species, because sea lions are known to be opportunistic in their diet, rather than specializing on a single prey species. Based on the hypotheses stated above, and trends in the relative abundance of forage, we created two new variables to represent energy-rich forage (sardine.anchovy) and less energy-rich forage (squid.rockfish). Average food quality, in terms of the calorie and the fat content, was obtained from the NOAA Fishwatch website (www.fishwatch.gov) for fillets prepared from human consumption. The derived variables were created by adding the anti-logged standardized catch rates, and then taking the natural logarithm to create logged derived variables. Catch rates are based on individual counts rather than on biomass. Sardine.anchovy decrease, whereas squid.rockfish increase through time during the sampling period, and these variables are highly negatively correlated (r = 0.87) with each other. No significant autocorrelation was found in either the forage variables (sardine.anchovy and squid.rockfish) or the dependent variable (pup weight) at any lag.
We did not include the two prey categories separately into regression models because of collinearity but instead performed a principal components analysis (PCA) on these variables using the R package vegan [17] . Principal component 1 (PC1) explained 94% of the total variance and correlated highly with sardine.anchovy (r = −0.94) and squid.rockfish (r = 0.98) abundances.
Four candidate models were developed to explain variability in pup weight between 2004 and 2011. The full model included additive and multiplicative effects of sex and prey (pup weight ∼ intercept + sex + prey + sex × prey + ε), the additive model excluded the interaction (pup weight ∼ intercept + sex + prey + ε) and two models had only one independent variable each (pup weight ∼ intercept + sex + ε) and (pup weight ∼ intercept + prey + ε), where pup weight is the mean weight (kg) of male and female 14 week old sea lion pups at San Miguel Island (figure 1) rookery over each year from 2004 to 2011 obtained from [9] , prey is PC1, sex is a factor to permit different slopes and intercepts for male and female pups, and ε is the error term. The relative plausibility of each model was characterized using Akaike's information criterion adjusted for small sample size (AIC c ) with the AICcmodavg package in R [18] . The analysis was repeated at a broad scale using forage sampled between Monterey and San Clemente Island (figure 1), and at a small scale using forage sampled from within the foraging range of female sea lions derived from published tagging results (figure 1). The broader scale analysis addressed the concern that the smaller foraging range could potentially bias the analysis if forage within that limited range was not representative of the broader region.
Out of sample model prediction for 2012-2014 was performed using predictor variables and 95% confidence intervals based on data from 2004 to 2011. The out of sample predictions were compared with pup weights in 2012 and 2013 published in Leising et al. [19] , and to pup weights in 2014 published in Leising et al. [20] . The same pattern of increasing abundance of squid and rockfish contrasting with decreasing abundance of sardine and anchovy was also evident in the foraging range of breeding female sea lions from the San Miguel rookery (figure 2c). These changes in forage abundance had important consequences for the food quality of forage available to breeding female sea lions at the Channel Island rookeries. The coherence of these patterns over approximately 5 • of latitude shows that the shift in forage species composition is not a localized phenomenon. The caloric densities of sardine and anchovy flesh are higher than the caloric content of market squid, rockfish or hake (table 1). Anchovy and sardine flesh is also higher in fat content compared with squid, rockfish or hake (table 1). Sardine consistently have higher calorie and fat content than other common forage taxa of sea lions. We considered that a combination of forage abundance and quality might have an effect on the condition of dependent sea lion pups. We modelled sea lion pup weights to test whether forage could be used to fit and to predict pup weights. Model selection provided overwhelming support for the additive model (weight ∼ prey + sex), weak support for the multiplicative model (weight ∼ prey + sex + prey × sex), and no support for the models with only prey or only sex (table 2) . Model-averaged slopes show that the correlations between weight and prey (weight is higher when sardine/anchovy are plentiful) and weight and sex (males are heavier) are highly significant (95% confidence intervals do not intersect zero), but that the interaction term is not correlated with pup weight (table 3) .
Results
The best model accurately fits the observed sea lion pup weights between 2004 and 2011 ( figure 3 ). Sea lion pup weight data always fall inside the 95% prediction intervals for the modelled sea lion pup weights for both sexes. The correlation between observed and predicted values is a simple measure to summarize the predictive power of a linear model [22] . The correlation was r = 0.87 for observed and predicted male pup weights and r = 0.86 for females. Table 1 . Nutritional value of forage. Nutritional value of selected forage fish and squid flesh derived from fillets for human consumption (NOAA Fishwatch). Species-specific data were limited for rockfish, which are consequently presented at the generic level (Sebastes spp. Out of sample prediction was less successful in 2012 when predicted pup weights were 3.7 and 2.2 kg higher than observed pup weights for males and females, respectively ( figure 3) . The degree of model inaccuracy in 2012 suggests that other factors in addition to forage were important in that year. However, the model was much more successful in predicting pup weights in 2013, over predicting male pup weights by only 0.2 kg and under predicting female weights by 0. 6 kg (figure 3) . The out of sample model fit to pup weights in 2014 was almost perfect ( figure 3) , as shown by the overlaid predicted and measured data points.
The best model explained 67% of the variance using forage variables sampled between Monterey and San Clemente Island ( figure 1 ). This area includes areas that are beyond the female sea lion foraging range determined from published tagging data. When we limited the foraging variables to areas within the female sea lion foraging range, the model explained 81% of the variance in pup weight (table 2) .
There is no indication from figure 3 that the model fit was poor in El Niño years that occurred 
Discussion
It is quite unusual to have a decade-long time series of forage fish abundance data available to match with pinniped pup weights. The Southwest Fisheries Science Center's Rockfish Recruitment and Ecosystem Assessment Survey (RREAS) provided a unique, fishery-independent, quantitative time series of forage [20] . Note that the 2014 out of sample predictions overlap almost exactly with the measured pup weights published in Leasing et al. [20] .
abundance overlapping the foraging range of breeding female sea lions. California sea lions are known to consume not only young-of-the-year rockfish and hake, but also juvenile and adult stages [23] . Among the rockfish, sea lions consume mostly shortbelly rockfish, Sebastes jordani [23] , but other rockfish species appear in the diet when the population experiences nutritional stress. Sea lions also take advantage of strong shortbelly rockfish year-classes, consuming them for several years until they move below sea lion foraging depths [23] . Although many rockfish species are captured by RREAS, all tend to show similar temporal trends in abundance [15] .
In general, there tends to be fairly strong spatial coherence in abundance in all of these forage species, although sharp differences in abundance have been noted in some years north and south of major promontories in the California Current System [16] . There is less data available regarding spatial patterns of covariation in the abundance of sardine, anchovy and squid, but there is some indication that the sea lion foraging habitat around these rookeries represents the 'core' habitat of northern anchovies in particular [24] , such that declines in abundance in this region are likely to be reflective of broader scale declines throughout their range.
The US sea lion population increased from approximately 50 000 to 340 000 individuals (rounding to the nearest 10 000 animals) from 1975 to 2014 [25, 26] . Ultimately, the increasing sea lion population would be expected to fluctuate around some as yet unknown, and probably varying, carrying capacities (depending on environmental variability) with a reduced population growth rate.
Food limitation is probably mediated through the adult nursing females' ability to locate sufficient quality food. Unfortunately, we do not have any data to quantify how forage abundance and quality affects either the composition or quantity of mothers' milk. Despite the relatively short time over which we have both pup weight data and appropriate forage fish data off central and southern California highlight a decade-long decline in the availability of forage for sea lions. When considered with the exponential increase in sea lion numbers, the evidence indicates food limitation of dependent sea lion pups. Food limitation, through either declines in prey density or an increase in the ratio of suboptimal prey, has been shown to contribute to observed declines in pup or juvenile survival in other pinniped populations [27] [28] [29] . For example, Trites et al. [30] showed that the Steller sea lion populations in the Northeast Pacific that demonstrated the greatest population declines tended to occur in the regions in which diets were the least diverse and were associated with the lowest energy prey. In this and most other examples, linkages were made between low energy, low diversity and/or declining prey abundance and subsequent predator declines, but very few studies have evaluated density-dependent impacts on food availability either in concert with or as a result of population increases. However, studies of seabirds, which are also central place foragers, have found linkages between fledging success and prey quality in instances where no relationship was evident with prey quantity (reviewed in [31] , see also [32] ). In one of the more unusual examples, an inverse relationship existed between abundance and predator response, owing to density-dependent impacts on prey condition [33] .
Our results refocus the debate on the causes of sea lion pup weight loss from episodic stresses associated with El Niño years to a longer-term trend of declining forage quality in the waters around the California Channel Island rookeries. The large spatial scale of declines in sardine and anchovy and increases in market squid and rockfish suggests that the drivers for these forage trends are environmental. Sardine and anchovy populations both show large interannual variability that is environmentally driven [34, 35] and prior to any fishing. Contrary to the paradigm that sardine and anchovy show alternating cycles of abundance, long time series show no evidence of alternating abundances [36] . During this study, sardine and anchovy were both at low abundances, exacerbating the effect of scarce high nutritional quality prey. Sardine are commercially fished and have declined in the last decade during a cool period beginning around 2000 in the California Current System. There is some indication that fishing mortality may have contributed to the declining trend in sardine abundance since 2006 [37] , but this is controversial [38] . It is notable that anchovy were lightly fished in the last decade, and they have also declined [39] . The market squid fishery off southern and central California is quite large, yet squid abundance showed an increasing trend over the same period, despite the increase in landings. Rockfish are taken in both commercial and recreational fisheries, but in response to historical overfishing, allowable catches have declined, and many species increased in abundance over the period of our study. We speculate that the causes of the current forage trends are largely environmental, although the combined effects of human removals and climate are difficult to disentangle when forage populations decline as populations are fished [40] .
Moreover, there are indications that the future of fisheries management will be one in which competitive interactions between human and ecosystem predators will become more tightly coupled than they are currently, with the spatial elements of such interactions being of particular importance [27] . Sea lions and the fisheries will probably share the experience of low-frequency temporal variability in forage productivity. In the near term, we expect repeated years with malnourished and starving sea lion pups, but because we cannot forecast fluctuations in forage, we cannot predict how long low forage abundance may last. Given the likelihood that the California sea lion population is approaching carrying capacity, density-dependent effects such as food limitation of pups may be a long-term consequence of a rebuilt sea lion population during the current period of low forage abundance.
